ABSTRACT
serpentinised peridotite is also locally common, particularly along fault lines in the Mt. Kinabalu 23 area. This study aimed to determine the extent of chemical variation in ultramafic soils in relation to 24 the degree of serpentinisation and the weathering intensity, and consequent potential ecological 25 implications linked to resulting soil chemical fertility. It was hypothesized that young soils and 26 derived from bedrock with a significant degree of serpentinisation strongly differ from typical geric 27 Ferralsols and result in soil chemistries with more adverse properties to plant life (e.g. low 28 availability of the essential nutrients N, P, K and Ca and high concentrations of potentially 29 phytotoxic Mg and Ni). Ultramafic soil diversity linked to the age of the soil or the degree of 30 serpentinisation would thus be a main factor of plant diversity and distribution. The diverse 31 topography of Kinabalu Park (ultramafic soils present between 400-2950 m asl) has given rise to 32 high pedodiversity with the broad overall ultramafic soil types being: (i) deep laterite soils (Geric Proctor 1997), relatively high total concentrations of the trace elements Ni, Cr and Co in ultramafic 169 soils have also been linked to potential phytotoxic effects (Brooks 1987; Proctor 2003) . However, 170 in humid tropical conditions, the most important factor in controlling ultramafic vegetation 171 development seems to be soil depth (Proctor et al. 1999 ). The potential effects of Ni, Cr, Co and Mn 172 toxicities on native vegetation as a whole are largely unknown, however, despite clear evidence of 173 toxicity of these elements to plants in experimental work (Anderson et al. 1973; Taylor et al. 1991 ; 174 L' Huillier et al. 1996) . Nickel, in particular, has been attributed as one of the main causes for the 175 stunting of some types of ultramafic vegetation (Brooks, 1987 , Brady et al. 2005 ), but it is probable 176 that other geochemical factors such as low nutrient (i.e. K and P) levels -or combinations of Ni 177 stress and low K and P -also play a role in these phenomena (Proctor 2003) . The phytotoxicity of 178
Ni depends mainly on soil-specific chemistry, in particular the mineralogy of Ni-bearing phases 179 Cr-VI pools in such soils can reach high concentrations (approx. 0.1 wt%) and they are often highly 189 available (Garnier et al. 2009 ). Although Co is relatively more soluble in ultramafic soils compared 190 to Cr, it is present at much lower total concentrations than either that metal or Ni, and its fate is 191 specifically associated with that of Mn. Also, very little is known about any (toxic) effects Co might 192 have on plants growing in tropical ultramafic soils. 193 194
Ultramafic ecosystems in Kinabalu Park 195
Kinabalu Park is renowned for its plant diversity with over 5000 recorded plant species (Beaman, 196 2005), partly the result of its variety of soils derived from a range of very contrasted bedrock types 197 ('geodiversity'). Chemical characterization of ultramafic soils is important for understanding the 198 ecology and plant/soil interactions of these ecosystems and the specific role played by intrinsic 199 ultramafic rock diversity in the overall species richness and diversity of Kinabalu Park. Although 200 the distinctiveness of ultramafic soils compared to non-ultramafic soils is often emphasized (Brooks 201 1987), it is not generally acknowledged that ultramafic soils themselves vary greatly in chemical 202 characteristics, and important differences between plant community compositions on different 203 ultramafic soils, at the same altitude, have also been observed (Borhidi 2004) . Although the term 204 serpentine is frequently used to describe ultramafic geology, this is incorrect, as serpentine group 205 minerals are only a subset of those associated with ultramafic rocks (Brooks 1987 This study aimed to determine precisely the extent of chemical variation in ultramafic soils in 211 relation to the level of serpentinisation and weathering intensity, and consequent potential 212 ecological implications linked to soil chemical fertility. Firstly, the objective was to compare 213 ultramafic soil geochemistry to adjacent non-ultramafic soils to verify the existence of a 214 geochemical shift on this substrate. Secondly, it was hypothesized that soils young soils on 215 peridotite with low amounts of serpentine minerals and all soils derived from serpentinite (i.e. 216 containing more than 50% serpentine minerals after Jacobson 1970) bedrocks (i.e. serpentinite vs. 217 peridotite) result in soil geochemistry with more adverse properties to plant life, which in turn 218 results in more adverse geochemical properties to plant life (e.g. low availability of essential 219 nutrients and high concentrations of potentially phytotoxic Mg, Cr and Ni). In total, 87 non-220 permanent vegetation plots were established covering all major 12 'ultramafic edaphic islands' 221 known in Kinabalu Park. In each 'island', at least four plots were laid out, with plot sizes 222 determined by altitude. The altitude ranged from 474 to 2950 m above sea level (asl). 223 224 Figure 1 shows the overall geology and main ultramafic outcrops in the study area. Soil profiles 228 were observed and soil and bedrock samples were collected from 13 different ultramafic sites in 229 Kinabalu Park, within an area of approximately 700 km 2 as part of an ecological study (for details 230 refer to Van der Ent et al. 2016b ). The objective in the sampling was to account for the geological 231 variability within ultramafic rocks (from non-serpentinised peridotite, including dunite, to 232 serpentinite) as well as for edaphic and vegetation variability. Therefore, bedrock samples were 233 carefully observed during the field survey to determine if they were from the serpentinite type or 234 the non-or poorly-serpentinised peridotite type. For some of them, further X-ray diffraction 235 mineralogy was used to confirm the observations and the local available descriptions of Table 1 reports relevant site attributes  240 (altitude, slope, bedrock type, soil type, soil depth, vegetation) and the number of samples collected 241 from each site. At each site, at least three soil samples (1-2 kg) and one bedrock sample (2-3 kg) 242 were collected. Each soil sample was collected in the A1 horizon, and care was taken not to include 243 organic constituents in surface layers. The bedrock samples were collected from a soil pit at each 244 site. The sites ranged in elevation from 474 to 2950 m and included a total of 95 discrete sample 245 localities (dispersed within each ultramafic site). In addition to the shallow soil samples, five soil 246 profiles were also excavated and samples were collected from all horizons down to the bedrock. 247
MATERIALS AND METHODS 225
Non-ultramafic soil and bedrock samples were collected from Kinabalu Park, near park 248 headquarters (1550 m), around Layang-Layang (2700 m) and from nearby Mount Trus Madi 249 (1600-2450 m) to serve as a comparison dataset to contrast the ultramafic soils and bedrock. The 250 underlying bedrock from the non-ultramafic soils was sandstone, shale and granite. Soil profiles 251 were described at a 36 m deep profile near Hampuan on strongly serpentinised peridotite (i), a 22 m 252 deep profile at Sunsui with a full limonite to saprolite layering (ii), a 0.9 m deep profile in lateritic 253 (Ferralsol) regolith near Serinsim (iii), and two profiles in serpentinitic Leptosols, 0.75 m and 0.9 m 254 deep, respectively, near Wuluh River (iv and v). All soil samples were packed, brought to the local 255 field station, air-dried at room temperature to constant weight (3-4 weeks), sieved to <2 mm, 256 shipped to Australia, and gamma irradiated at Steritech Pty. Ltd. in Brisbane following Australian 257
Quarantine Regulations. The rock samples were treated identically to the soils, but were dried in an 258 oven at 70°C for 48 hours and ball-milled and sieved to <100 μm fraction. 259
Laboratory analyses: soil chemistry 261
The analysis of the soil samples took place at the laboratory of the Centre for Mined Land 262
Rehabilitation (CMLR) at The University of Queensland in Australia. The soil samples (300 mg) 263 were digested using freshly prepared Aqua Regia (9 mL 70% nitric acid and 3 mL 37% 264 hydrochloric acid per sample) in a microwave for a 1.5-hour programme and diluted to 45 mL with 265 ultrapure (TDI) water before analysis. The method was based on Rayment and Higginson (1992) 266 method 17B2. This method yields 'pseudo-total' elemental concentrations in soil matrices (viz. 267 Rayment and Higginson, 1992) . Soil pH and electrical conductivity (EC) were obtained in a 1:2.5 268 soil:water mixture. Plant-available phosphorus ('ML-3') was extracted with Mehlich-3 solution 269 consisting of (0. Fe oxides (iv), and residual (v). After each extraction step, the tubes were centrifuged for 10 293 minutes at 4000 rpm and the supernatants were then filtered through 0.45 μm membranes. 294
The residues were washed with 20 mL of TDI water, centrifuged again for 10 minutes at 4000 rpm, 296 the water decanted, and the residue dried at 40°C prior to the next extraction step. All soil 297 extractions were undertaken in 50 mL polypropylene (PP) centrifuge tubes. Soil samples were 298 weighed using a 4-decimal balance. Samples were agitated for method-specific times using an end-299 over-end shaker at 400 rpm, centrifuged (10 minutes at 4000 rpm) and the supernatant collected in 300 10 mL PP tubes. All soil samples were analysed with ICP-AES (Varian Vista Pro II) for Ni, Co, Cu, 301
Zn, Mn, Fe, Mg, Ca, Na, K, S and P. Each method included three sample blanks, two NIST 302 standards, two ASPAC reference soils, three random sample duplicates and three multi-element 303 standards as part of the quality control. The ICP-AES instrument was calibrated using a 6-point 304 multi-element standard (Ni, Cu, Fe, Mg, Ca, K) prepared in each extraction solution. 305
306
Total elemental concentrations in rock samples (100 mg) were obtained by digestion with a mix of 307 4 mL 70% nitric acid, 3 mL 37% hydrochloric acid and 2 mL 32% hydrofluoric acid per sample in 308 a microwave for a 2-hour programme and diluted to 45 mL before analysis. The method was based 309 on Rayment and Higginson (1992) method 17A2. The aliquots were also analysed with ICP-AES as 310 detailed above. 311 312
Laboratory analyses: soil and rock mineralogy 313
Bedrock and soil samples were analysed for mineral constituents at the University of Rhode Island, 314
Department of Geosciences (Kingston, RI). Samples were individually powdered using percussion 315 mortar and manual mortar and pestle, and passed through a 150-micron sieve. X-ray diffraction 316 (XRD) profiles were collected with an Olympus (formerly InXitu) Terra Mobile XRD System, a 317 field portable unit with extremely robust performance (Blake et al., 2012) . The Terra is outfitted 318 with a micro-focus X-ray tube (nominal operating voltage of 28 keV, filament current of 1.5 A, 319 cathode output of 100 µA) with a Co anode, which yields continuum and characteristic X-radiation 320 from a 50 µm diameter spot on the Co anode (Blake et al., 2012) . 250 exposures generate a well-321 defined diffractogram for comparison with reference data files. Minerals were thus detected in the 322 complex natural mixtures by comparing sample diffractograms with known reference 323 diffractograms for individual minerals. Similarly, mineral phases were detected in soil samples 324 from the profiles with a Bruker D8 Advance X-Ray diffractometer (at the University of 325 Queensland, Australia) equipped with a copper target, diffracted-beam monochromator, and 326 scintillation counter detector. Conditions for running the samples were: 40 kv, 30 mA, 3-80º 2 θ, 327 0.05º step size or increment, with 10 seconds per step. 328 modelled as mixtures of 8 reference minerals common to ultramafic rocks using a reference 332 intensity ratio approach. The samples studied here were considered mixtures of the following 333 minerals: diopside (a pyroxene, PDF 016581), tremolite (an actinolite-type amphibole, PDF 334 011983), antigorite (a serpentine variety, PDF 018242), lizardite (a low temperature serpentine 335 variety, PDF 015238), forsterite (Mg-rich olivine, PDF 023357), spinels (representing spinel group 336 minerals including magnetite, PDF 018254), talc (PDF 019690) and montmorillonite (a smectitic 337 clay mineral, PDF 012866). Modelled proportions of these minerals should be considered estimates, 338
given for example that spinel and magnetite are binned under "spinels," multiple clay minerals 339 share the 14 to 16 Å peak characteristic of smectite group clays, etc. Given that the same modelling 340 strategy was applied across all samples, relative differences in major minerals can be observed in 341 the results. Of course, modelling only provides an incomplete description of the mineralogy and 342
should be taken with much caution. 343 344
Statistical analysis 345
The soil and rock chemistry data was analysed using the software package STATISTICA Version area are serpentinised to varying degrees, however, the more serpentinised samples also contain 371 talc, chlorite, and magnetite as minerals in addition to serpentines, olivines and pyroxenes. 372 373 3.2 Soil elemental chemistry 374 Table 3 presents summarised bulk chemistry of ultramafic soils, contrasted with non-ultramafic 375 soils. Mean pseudo-total concentrations of Al and P were roughly similar among soils, whereas 376 concentrations of Ca, Co, Cr, Fe, Mg, Mn and Ni were unsurprisingly much higher in ultramafic 377 soils. On the other hand, pseudo-total concentrations of K were higher in non-ultramafic soils. The 378 mean DTPA-extractable trace elements (Co, Cr, Cu, Ni and Zn) were all higher in ultramafic soils, 379 except for Fe, which is similar. Potentially plant-available P (Mehlich-3 extract) was more than four 380 times higher in average in non-ultramafic soils than in ultramafic soils (mean 12 vs. 2.7 μg g -1 ). 381
The soil pH range was 3.5 to 9.7 for all soils. Generally, the ultramafic soils were less acidic than 382 the non-ultramafic soils with a mean pH of 6.0 as opposed to the much lower value of 4.6 for non-383 ultramafic soils. However, there was a wider range of pH values among ultramafic soils than among 384 non-ultramafic soils: ultramafic laterites display acidic pH values as on non-ultramafic substrates 385 whereas soils on serpentinite have unusually high pH values, see Table 4 ). Mean exchangeable Ca, 386
Mg and Na were much higher in ultramafic soils, and exchangeable K was similar between 387 ultramafic and non-ultramafic soils (Table 3) . Mean exchangeable Al was much higher in non-388 ultramafic soils. The Mg:Ca in the exchangeable complex was always <1 in non-ultramafic soils 389 (mean is 0.2) and > 1 (mean is 5.3) in ultramafic soils. Exchangeable K was very low and 390 exchangeable Mg was relatively high, and the Mg:Ca molar quotient in some soils is extremely 391 high (up to 82). Consequently, the electrical conductivity (EC) was also higher in ultramafic soils 392 than in non-ultramafic soils. Soil pseudo-total elements of the main 'ultramafic edaphic islands' are 393 shown in Table 4 , whereas soil extractable trace elements, exchangeable macro-elements are shown 394 in Table 5 . 395 'serpentine soils' more generally 'ultramafic soils', which is geologically correct and avoids 574 confusion with 'serpentinite', the term is cemented in the field and in literature (Brooks 1987) . The 575 differences between soils derived from 'peridotite' and 'serpentinite' are ecologically important, but 576 they form a complex matrix of soil pedological and chemical properties that depend on weathering, 577 altitude and topography (Jaffré 1980 
CONCLUSIONS 687
The occurrence and chemical characteristics of these soils are a function of bedrock mineralogy 688 (serpentinisation), weathering and landscapes attributes (altitude, slope). Overall, ultramafic soils 689 are less acidic, have higher EC, higher pseudo-total Ca, Co, Cr, Fe, Mg, Mn and Ni, higher 690 exchangeable Ca and Mg, higher Mg:Ca quotients, similar exchangeable K, higher DTPA-691 extractable Co, Cr, Cu and Ni, and lower chemically-extractable P than adjacent non-ultramafic 692 soils. Well-developed Geric Ferralsols probably show less differences from non-ultramafic soils 693 under similar conditions than high altitude soils or shallow erosion-rejuvenated Cambisols. 694
Therefore they host ecosystems that show little difference with those present in soils developed on 695 other types of bedrocks. On the contrary, ultramafic Leptosols or shallow hypermagnesic Cambisols 696 that form on serpentinite substrates host specific and adapted vegetation (high level of endemism) 697 that tolerates geochemical peculiarities, including Ni hyperaccumulators. Whether soils are 698 moderately or weakly weathered due to the original mineralogy (i.e. strongly serpentinised bedrock) 699 or due to lack of evolution (high-slope erosion/rejuvenation), the so-called 'serpentine syndrome' 700 only seems to restricted to these two types of soils. However, the geochemical Cr anomaly (i.e. high 701 levels of exchangeable Cr-VI) of ultramafic laterites probably exerts strong effects on the 702 vegetation but this has never been studied. The lack of strong differences with lowland forests on 703 other geological substrates tends to hide this phenomenon. Table 3 . Chemistry of ultramafic and non-ultramafic soils. Abbreviations: 'pseudo-total' 1034 microwave-assisted digestion with HNO3 and HCl, 'DTPA' is DTPA-extractable metals, 'ML-3' is 1035
Mehlich-3 extractable P, and 'exch.' is exchangeable with silver-thiourea. 1036 Table 4 . Soil pseudo-total elements of the main 'ultramafic edaphic islands' in μg g -1 or mg g -1 if 1038 marked with asterisk (as means from unpressurised HNO3/HCl microwave digests). 1039 
